ABSTRACT Lesser cornstalk borer, Elasmopalpus lignosellus Zeller (Lepidoptera: Pyralidae), is an important sugarcane pest in southern Florida. Development of immature stages (eggs, larvae, prepupae, and pupae) of lesser cornstalk borer was observed on sugarcane at constant temperatures (13, 15, 18, 21, 24, 27, 30, 33, and 36ЊC), 65Ð70% RH, and a photoperiod of 14:10 (L:D) h. Total development (from egg deposition to adult emergence) ranged from 22.8 Ϯ 0.3 d at 33ЊC to 120.7 Ϯ 2.8 d at 13ЊC. Lesser cornstalk borer required 543.48 DD to complete development. Developmental time decreased with increase in temperature from 13 to 33ЊC and increased markedly at 36ЊC in all immature stages. One linear and six nonlinear models used to model insect development (Briere-1, Briere-2, Logan-6, Lactin, Taylor, and polynomial models) were tested to describe the relationship between temperature and developmental rate (d
into the soil from which they attack the plants, as well as rest, molt, and pupate (Schaaf 1974) . Dead heart symptoms are produced when larvae reach the center of the shoot and damage or sever the youngest leaves or apical meristem. Nonlethal damage is caused when larvae only chew a few millimeters into the shoot, evidenced by several symmetrical rows of holes that are revealed as the leaves emerge from the whorl. Larval feeding damage reduces sugarcane photosynthesis, plant vigor, number of millable stalks, and sugar yield (Carbonell 1977) .
The Þrst record of lesser cornstalk borer as an economic pest was in 1878 in Georgia and South Carolina on corn (Riley 1882) . Outbreaks of lesser cornstalk borer in sugarcane were reported by Plank (1928) in Cuba, Wolcott (1948) in Puerto Rico, and Genung and Green (1965) in Florida. It is a potentially serious pest of sugarcane in Jamaica (Bennett 1962) , where it was Þrst reported in 1959. Chang and Ota (1987) reported the lesser cornstalk borer for the Þrst time on Kauai (Hawaii) in 1986; it caused 100% dead hearts in ratooned sugarcane Þelds.
Biological parameters of the lesser cornstalk borer life cycle were studied on cowpea in South Carolina and Florida (Luginbill and Ainslie 1917) , peanut in Georgia (Sanchez 1960) and Texas (King et al. 1961) , and southern pea (Dupree 1965) and soybean (Leuck 1966) in Georgia. Published studies on E. lignosellus development on sugarcane were conducted under uncontrolled, natural climatic conditions (Carbonell 1978) . Therefore, it is not possible to determine the relationship between developmental rates and temperature. Understanding the physiological relationship between temperature and development is important for the prediction of population outbreaks and timely management of pests on crops (Jervis and Copland 1996) . The objective of this study was to determine the relationships between temperature and development and survivorship of the immature stages of E. lignosellus on sugarcane under controlled temperature conditions.
Materials and Methods
Temperature-dependent development of immature stages of lesser cornstalk borer was studied under laboratory conditions. Insects from a laboratory colony were reared on young sugarcane shoots to study developmental rates, temperature thresholds, and survivorship.
Insect Colony Maintenance. The laboratory colony was started using immature and adult E. lignosellus collected on October through December 2006 from sugarcane Þelds at Belle Glade and Moore Haven, FL. Adults collected from Þelds were transferred to oviposition cages (17.5 by 17.5 by 17.5 cm) covered with 30-mesh screen and provided with 10% honey solution for feeding. Tubular synthetic stockinette (Independent Medical Co-Op, Ormond Beach, FL) was used to line the oviposition cages for egg deposition. Stockinette with eggs was transferred to ziploc bags (S. C. Johnson & Son, Racine, WI) and maintained for larval emergence in the same environmental conditions as the adults. Newly emerged larvae were transferred to a wheat germ and soy ßour base artiÞcial diet (general purpose diet for Lepidoptera; Bio-Serv, Frenchtown, NJ) covered with a thin layer of Þne vermiculite (no. 4; Thermo-o-rock East, New Eagle, PA) in 32-cell diet trays (43.75 by 20.62 by 2.5 cm; Bio-Serv). The artiÞcial diet consisted of 144.0 g/liter dry mix and 19 g/liter agar. Four newly emerged larvae were released in each diet cell and kept under the same environmental conditions as the adults. Larvae were allowed to complete development within the trays. Adults that emerged from pupae within the diet were collected and transferred to oviposition cages. The colony was maintained in a temperature control room at 27ЊC, 65Ð70% RH, and 14:10 (L:D)-h photoperiod.
Production of Sugarcane Plants. Mature stalks of sugarcane variety CP 78 Ð1628 were harvested in November 2006 and 2007 to obtain viable buds for use in producing shoots for examining larval development. Stalks were cut into 10-cm-long seed pieces (i.e., single eye sets) and planted in plastic trays (50 by 36 by 9.5 cm) Þlled with potting mix to germinate the buds and produce shoots. Plants were maintained in a greenhouse, fertilized, and irrigated as needed. To study larval development on sugarcane, young sugarcane shoots (four-to Þve-leaf stage) were uprooted from trays in the greenhouse and separated from the billets by cutting around the base of the eye, so that a small part of the seed piece remained attached with the shoots and roots. The bases of the shoots were wrapped with moistened paper towel to promote continued rooting and to maintain seedling viability.
Laboratory Temperature Developmental Studies. The effect of temperature on lesser cornstalk borer development was examined at nine temperatures (13, 15, 18, 21, 24, 27, 30, 33 , and 36 Ϯ 0.05ЊC), 14:10 (L:D) h, and 65Ð70% RH in temperature-controlled chambers. Relative humidity was maintained by placing plastic containers Þlled with water in these chambers. Freshly deposited eggs (Յ12 h old) from the laboratory colony were used to determine the development of egg stage. Eight batches of 50 eggs each were placed in separate petri plates and observed for the emergence of larvae. The egg developmental period was reported as the time required for emergence Ն50% larvae in each batch (Leuck 1966) . To observe larval development, sugarcane shoots produced as above were placed horizontally in plastic containers (30 by 15 by 10 cm) Þtted with 30-mesh screen at the top for aeration. There was a thin layer of vermiculite covering the base of each shoot and Þve shoots per container. Fifteen newly emerged larvae were collected from the laboratory colony and placed in each container. Eight containers per replicate were tested at each temperature (13, 15, 18, 21, 24, 27, 30, 33 , and 36 Ϯ 0.05ЊC). The experiment was repeated three times at each temperature. The experimental design was a randomized complete block replicated through time. Old shoots were replaced with new ones as required (i.e., when old ones started desiccating) to provide live shoots throughout larval development.
The number of days from larval emergence to prepupal formation was considered as total larval duration. To study the duration of each instar, larvae needed to be closely observed for exuviae and head capsules, which was not possible in the large arenas of the plastic boxes. To solve this problem, the progression of larvae through individual instars was closely observed in glass test tubes set up at the same time and placed in the same temperature-controlled cabinets along with the 15 larvae containers. A single neonate larva was placed on a piece of young sugarcane shoot (4 cm long) in each test tube (15 cm long by 2 cm diameter). Stem pieces were changed daily, and the vials were observed for exuviae and head capsules twice daily. Four groups of 40 larvae each were tested at each temperature, and this experiment was replicated three times at each temperature. The change in larval instar was determined by presence of newly cast exuviae. Fully grown larvae stop feeding before pupation and become dirty creamy white in color. This prepupal period was measured as the time from cessation of feeding up to the beginning of the pupal stage.
Pupae were collected from each plastic container and placed in plastic petri dishes (90 mm diameter and 15 mm height; total eight petri dishes) lined with moistened paper towel to determine the length of the pupal period. The time taken from the Þrst day of the pupal stage up to adult emergence was deÞned as the pupal period.
Cohorts of immature E. lignosellus were followed from egg deposition through adult emergence to measure survivorship. Percentage survival was calculated using the formula N c ϫ 100/N i , where N c was the number of individuals that completed development, and N i was the total number of individuals that started each stage.
Developmental Rate and Mathematical Models. The results of the development experiments were used to model developmental rate (d
Ϫ1
, reciprocal of developmental time in days) and to estimate developmental thresholds. In all immature stages (eggs, larvae, prepupae, and pupae), developmental rate was regressed against temperature using linear and nonlinear models (SAS Institute 2008). One linear and six nonlinear models (Table 1) that have been commonly used to describe temperature-dependent development of insects such as Ostrinia nubilalis (Hubner) (Lepidoptera: Pyralidae) (Got et al. 1996) , Plutella xylostella L. (Lepidoptera: Plutellidae) (Golizadeh et al. 2007) , Cydia pomonella L. (Lepidoptera: Tortricidae) (Aghdam et al. 2009 ), and Halyomorpha halys (Stal) (Hemiptera: Pentatomidae) (Nielsen et al. 2008) were evaluated to describe the relationship between temperature and developmental rate of lesser cornstalk borer. The parameters of interest were T 0, T m , T opt , and K. The lower developmental threshold is the temperature at or below which no measurable development is detected (Howell and Neven 2000) . It can be estimated from a linear model as the intercept of the development line with the temperature axis. Some nonlinear models (Briere-1, Briere-2, and Taylor model) can also estimate the lower developmental threshold directly from the model equation. The upper developmental threshold is the temperature at or above which development does not occur (Kontodimas et al. 2004) . It is better estimated through the nonlinear models and Lactin model) , because a linear model is asymptotic to the temperature axis at high temperatures. The temperature at which the developmental rate is greatest is T opt . In Briere-1 and Briere-2 models, it was calculated using the equation
where m is an empirical constant that equals 2 for the Briere-1 model (Briere and Pracros 1998) . In TaylorÕs model, T opt. was estimated directly from the mathe-
, where R m is the maximum developmental rate. In Logan-6 and Lactin models, T opt can be estimated as the parameter value for which their Þrst derivatives equals zero. The thermal constant determines the amount of thermal units (degree days) required by an immature stage to complete its development. It can be estimated directly from the linear equation as the value of K (thermal constant) (Aghdam et al. 2009 ).
The developmental rate of lesser cornstalk borer was positively correlated with temperature until the upper limit of 33ЊC in all developmental stages and total development. In the linear model, the developmental rate at 36ЊC was omitted to produce linearity in the data. The omission was important to ensure a better Þt of the linear model and to calculate the correct values of the T 0 and K (Declerq and Degheele 1992) . Sigma Plot (Systat Software, San Jose, CA) was used to plot regressions of the nonlinear models.
Performance of a mathematical model is commonly evaluated with the coefÞcient of determination (r 2 ), which indicates better Þts with higher values, and the residual sum of squares (RSS), which indicates better Þts with lower values (Aghdam et al. 2009) . In this study, we used an additional parameter, Akaike information criterion (AIC), to further estimate the goodness-of-Þt for all tested mathematical models. The AIC considers the number of parameters in the model, and we sought the model with the lowest AIC ϭ nln(SSE/ n) ϩ 2p, where n is the number of treatments, p is the number of parameters in the model, and SSE is the sum of the squared error.
Statistics. PROC MIXED (SAS Institute 2008
) was used to analyze the data because of potential covariance structure associated with taking repeated measures on cohorts through time at each temperature. Temperature, cohorts (plastic containers and petri dishes), generations (replications through time), and their interactions were modeled in this experiment. Generations were used as the repeated variable, and the cohorts were nested under the temperature in the repeated measures statement. Several covariance structures were Þtted to the data. The unstructured Lamb et al. (1984) K, thermal constant or degree days; T, rearing temp; T 0 , lower temp threshold; T m , upper temp threshold; T opt. , optimum temp; a, b, c, d, e, empirical constant; mx, growth rate at given base temp; , developmental rate at optimal temp; ⌬, no. of degrees over the base temp over which thermal inhibition becomes predominant; , empirical constant which forces the curve to intercept the y-axis at a value below zero; R m , is the max developmental rate.
covariance type Þt well and was used for the analysis (Littell et al. 1998) . Percentage data were arcsine transformed before analysis and retransformed for presentation purposes. The TukeyÕs honestly signiÞ-cant difference (HSD) test (SAS Institute 2008) was used for means separation with P ϭ 0.05.
Results

Laboratory Temperature Developmental Studies.
All immature stages of lesser cornstalk borer completed their development at temperatures between 13 and 36ЊC. Developmental time decreased with increase in temperature between 13 and 33ЊC and increased at 36ЊC in all immature stages and for total development (Table 2) .
Cohorts (P Ͼ 0.93) and generations (P Ͼ 0.88) did not provide signiÞcant sources of variation in the models for the development of eggs, larvae, prepupae, pupae or total development of lesser cornstalk borer. None of the modeled interactions (P Ͼ 0.98) were signiÞcant sources of variation in the model. Because of the insigniÞcant effects of cohorts and generations on developmental times, the data for each temperature were pooled across time and containers and analyzed together to determine the effect of temperature. Temperature had a signiÞcant effect on development in all immature stages (Table 2) .
Mean egg developmental time (ϮSEM) ranged from 1.8 Ϯ 0.1 d at 33ЊC to 17.5 Ϯ 0.1 d at 13ЊC (Table  2 ). The mean developmental time for larvae ranged from 15.5 Ϯ 0.1 d at 33ЊC to 65.7 Ϯ 0.4 d at 13ЊC. Larvae completed six instars before pupating. Temperature had a signiÞcant effect on the development of all six instars (Table 3) . Developmental time was shortest in the Þrst instar and longest in the sixth instar at all temperature treatments (Table 3) . Mean prepupal development ranged from 1.3 Ϯ 0.1 d at 33ЊC to 10.5 Ϯ 0.1 d at 13ЊC. Pupal development ranged from a mean of 5.9 Ϯ 0.1 d at 33ЊC to 29.5 Ϯ 0.2 d at 13ЊC (Table 2) . Mean total development ranged from 22.8 Ϯ 0.3 d at 33ЊC to 120.7 Ϯ 2.8 d at 13ЊC.
Survivorship of immature stages at each temperature treatment is presented in Table 4 . Survivorship rose with increasing temperature for all immature stages, peaking at 27ЊC, and then decreasing with further increases in temperature. At extreme temperatures (13 and 36ЊC), percentage survival was quite low, with Յ50% of eggs, larvae, pupae, and prepupae surviving at 13ЊC. Egg and larval survival dropped below 50% at 36ЊC. Cohorts (P Ͼ 0.72) and generations (P Ͼ 0.73) were not a signiÞcant source of variation in the models for the survival of eggs, larvae, prepupae, and pupae of lesser cornstalk borer. None of the modeled interactions (P Ͼ 0.96) were signiÞcant sources of variation in the model. Because of the insigniÞcant effects of cohorts and generations on survivorship, the data for each temperature were pooled across time and containers and analyzed together to determine the effect of temperature. Temperature had a significant effect on the survival of all immature stages of E. lignosellus (Table 4) . Model Evaluation. The Þtted coefÞcients T 0 and K, and model evaluation parameters (r 2 , RSS, and AIC) estimated by the linear regression equation are presented in Table 5 . The linear model (without the data from 36ЊC) provided a good Þt to the data in all immature stages with high r 2 (Ͼ0.96) and low RSS (Ͻ0.027) and AIC (Ͻ Ϫ60.56) values. The linear regression model estimated that lesser cornstalk borer required 543.5 DD to complete development from egg deposition to adult emergence on sugarcane, with a lower developmental threshold of 9.5ЊC. The upper developmental threshold was not estimated by the linear model, because the Þtted line did not intersect the x-axis at higher temperature.
The estimates of the Þtted coefÞcients, measurable parameters, and evaluation indices for the nonlinear models are presented in Table 6 . Among all nonlinear models, the Briere-1 model provided the best Þt to the data with high r 2 values and low RSS and AIC values for each immature developmental stage. The relationship between developmental rate (d
Ϫ1
) of immature stages and temperature (ЊC) described by Briere-1 equation is presented in Fig. 1 . The Briere-1 model provided estimates closer to actual observations for parameters of biological signiÞcance (T 0 , T opt , and T m ) for all immature stages and for the total immature development than the other nonlinear models tested. Furthermore, the Lactin, Logan-6, and Taylor models recorded low r 2 values and high RSS and AIC values and did not provide good Þts to the data. The Taylor model estimated T opt , but, because of the absence of T m in this equation, direct estimation of T m was not possible. In polynomial models, Þrst degree (r 2 ϭ 0.435), second degree (r 2 ϭ 0.574), and third degree (r 2 ϭ 0.612) polynomials had poor Þt to the data. The fourth degree polynomial model was a good Þt (r2 ϭ 0.925) to the data, but because of the greatest number (four) of Þtted parameters, AIC value increased, and it decreased the Þtness of this model to the data. The Briere-2 model was also a good Þt (r 2 ϭ 0.865) for the data, but the estimated lower developmental threshold values for larval (Ϫ3.5ЊC), pupal (0.0ЊC), and total development (1.2ЊC) were much lower than the observed and estimated values produced by all other tested developmental models.
Discussion
Results of this study indicated that developmental time and temperature were closely related in all immature stages of lesser cornstalk borer. Developmental time decreased with increased temperature and increased above the thermal optimum. Previous studies on the life cycle of lesser cornstalk borer were conducted under uncontrolled temperature conditions on most crops; therefore, it is difÞcult to directly compare the results. The reported egg developmental times of 6 Ð 8 d on cowpeas (Luginbill and Ainslie 1917) and 2.4 and 4 d on soybean (Dupree 1965 and Leuck 1966, respectively) all fall within the range of F, df, and P values represent ANOVA of temperature treatments within a developmental stage (PROC MIXED; SAS Institute). Means within a column followed by the same letters are not signiÞcantly different (Tukey, P Ͼ 0.05); ANOVA (PROC GLM; SAS Institute). Dupree (1965) reported larval developmental times of 4.2, 2.9, 1.4, 3.1, 2.9, and 8.8 d, whereas Leuck (1966) reported 2.6, 1.8, 1.8, 2.0, 2.8, and 8.6 d for Þrst through sixth instars on soybean, respectively. In both studies, development of the Þrst instar was slower through Þfth instars. In contrast to these reports, Þrst-instar larvae on sugarcane completed development rapidly at all temperatures. Sixthinstar larvae required more time (approximately three-fold) to complete development than other instars on both soybean and sugarcane. Mean larval developmental time was reported as 15.6 Ð16.9 d on cowpeas (Luginbill and Ainslie 1917) , and 30.3 d on sugarcane (Carbonell 1978) . These were within the range of our results for mean larval developmental time ranging from 13.8 d at 33ЊC to 63.2 d at 13ЊC on sugarcane. Prepupal development could not be compared with previous studies because other studies did not separate this time segment from the overall larval developmental period. Most of the pupal period developmental rates reported by others fell within the range determined in this study on sugarcane (i.e., 5.9 d at 33ЊC to 29.5 d at 13ЊC). Pupal period was reported to be 7Ð21 (Luginbill and Ainslie 1917) , 7Ð10 (Dupree 1965) , 3Ð24 (Leuck 1966) , and 10.9 d (Carbonell 1978) in studies on cowpeas, soybeans, soybeans, and sugarcane, respectively.
Model Evaluation. One of the objectives of this study was to select a mathematical model that could K, thermal constant or degree days; T, rearing temperature; T 0 , lower temperature threshold; T m , upper temperature threshold; T opt , optimum temperature; a, b, c, d, e, empirical constants; mx, growth rate at given base temperature; , developmental rate at optimal temperature; ⌬, no. of degrees over the base temperature over which thermal inhibition becomes predominant; , empirical constant which forces the curve to intercept the y-axis at a value below zero; R m , is the max developmental rate. best describe the relationship between temperature and lesser cornstalk borer developmental rate on sugarcane. Our results showed that developmental rate increased fairly linearly with an increase in temperature but decreased at high temperature (36ЊC) breaking the linear trend. Similar trends were reported for other insects such as Nephus includens (Kirsch) (Coleoptera: Coccinellidae) (Kontodimas et al. 2004 ) and P. xylostella L. (Golizadeh et al. 2007 ). Linear models were used to determine the lower developmental threshold and thermal constant or degree-days in many temperature-dependent developmental studies (Geier and Briese 1978 , Rock and Shaffer 1983 , Howell and Neven 2000 . However, because of the nonlinear relationship between developmental rate and temperature at 36ЊC for E. lignosellus on sugarcane, the linear equation could only model developmental rate within the temperature range of 13Ð33ЊC. If we use all the available data over the entire range of tested temperatures, the slope of the linear model becomes depressed and results in inaccurate simulations of developmental rates and thresholds at both ends of the temperature range (Howell and Neven 2000) .
Insect developmental model performance has varied depending on species studied. Good model Þts to insect development have been reported for the Logan model on Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) (Coop et al. 1993) , the Lactin-2 model on Sesamia nonagrioides (Lefebvre) (Lepidoptera: Noctuidae) (Fantinou et al. 2003) , the Briere-2 model on P. xylostella L. (Golizadeh et al. 2007) , and both Briere-1 and Briere-2 models on C. pomonella L. (Aghdam et al. 2009 ). In another pyralid, European corn borer, O. nubilalis (Lepidoptera: Pyralidae), the Logan-6 model was reported to be the best Þt to the data and T 0 , T opt. , and T m were estimated as 10, 34, and 40ЊC, respectively (Got et al. 1996) . In our study, the Briere-1 model provided the best Þt, and the estimated T 0 , T opt , and T m for total development of immature stages were 9.35, 31.39, and 37.90ЊC, respectively, which are similar to the estimation for European corn borer. Differing model performance reported in the literature is possibly caused by differences in thermal adaptation of different insects or by differences in the host crop.
This study determined the temperature-dependent development of lesser cornstalk borer on sugarcane under a series of constant temperatures. The developmental rate model derived from this study can be used to estimate the developmental time of this insect under natural conditions of temperatures varying within an appropriate range for the purpose of developing an improved pest management practice. Information on the life history, developmental thresholds, and thermal requirements can be used to predict the developmental rates under varying temperature conditions. These data are essential in an integrated system to optimize lesser cornstalk borer control.
